Introduction
The semiconductor industry requires robust cleaning and surface preparation steps in order to enable device fabrication and sustain yield. Amongst the variety of chemicals required to eliminate metals, organic residues, and other contaminants, liquid phase HF solutions are used to remove SiO 2 during front end operations and can be tailored to obtain a specific surface passivation [1] . However, the need to incorporate new materials and device geometries in future process flows will require new approaches to SiO 2 removal. Gas phase HF/H 2 O chemistries have shown advantages over liquid phase cleans, including better selectivity [2, 3] , process integration [3] , lower resource utilization [4] , and access to smaller geometries given the absence of surface tension in gases [5] . In spite of previous gas phase etching studies [6] [7] [8] [9] , questions still persist regarding the reaction initiating species (RIS), the induction time, the dynamics of the reaction, and the post etch surface termination. Several authors concluded in previous studies that gas phase removal requires the formation of a condensed water layer before HF contact to initiate and sustain the reaction [7, 10] . In this scenario, the initiating species are produced when HF dissolves in the liquid layer, resulting in a reactive system akin to liquid phase etching. Other authors have shown that etching can also occur without the formation of a condensed layer [11] . Although quantum chemistry calculations indicate that gas/solid removal of silicon dioxide is possible [12] , no previous experimental results had corroborated the feasibility of this reaction pathway. In this study, the SiO 2 etching process was investigated using in situ Fourier transformed infrared spectroscopy (FTIR) and x-ray photoelectron spectroscopy (XPS) in an attempt to explain the initiation mechanism and reaction kinetics of the SiO 2 etching process and the surface termination on the resulting Si surface.
Experimental Section and Methods
The experimental setup consists of the reactor, gas panel, Labview based data acquisition and control system, and bench/optics array for in situ FTIR (Figure 1 ). This system is part of a clustered reactor apparatus, which was designed for processing and surface analysis without breaking vacuum [13] . Samples were cleaved from double-sided polished Si(100) wafers into 5x2 coupons and cleaned in 3:1 H 2 SO 4 :30% H 2 O 2 solution before loading into a furnace to grow a 1000 to 2000 Ǻ thick oxide. After mounting each coupon individually onto a high vacuum puck and transferring into the reactor, the FTIR beam was focused on the sample in order to obtain 15 scans every 2.1 seconds from the silicon dioxide film present on the sample. Although low-doped silicon (resistivity of 10-50 ohm-cm) is infrared transparent, SiO 2 presents several infrared active modes, including the two stretching modes Transverse Optical (TO) and Longitudinal Optical (LO). Although regular transmission experiments can only access the TO mode, the angle of incidence of the incoming infrared beam permits access to both. The data shown in this study corresponds to experiments run at 100 Torr, 34°C, and a total flow rate of 563 sccm, with 50 sccm of both HF and water. After each experiment, the coupons were transferred under vacuum to perform XPS analysis (Al Kα source 1486.6 eV and double pass cylindrical mirror analyzer). At least five survey scans with a pass energy of 200 eV were collected, and higher resolution scans (25-50 eV) were obtained for Si, F, and O.
Initiation Period
A molecular cluster was detected in the gas phase using in situ FTIR by a vibration at 3600-3750 cm -1 (Figure 2 ). Although HF self associates in the gas phase, a fact shown by the sharp features seen in the figure, the vibration that corresponds to the molecular cluster is only detected in the presence of both HF and water and it is consistent with the stretching frequency of linear and cyclic HF/H 2 O clusters [14] . Although many cluster configurations and sizes are possible, at these conditions the most stable clusters are the linear HF(H 2 O) and the cyclic HF 2 (H 2 O) clusters. The relevance of this transient species is shown by the correlation between induction time and relative cluster concentration (Figure 3) , measured as the area of the infrared vibration. Previous studies [15, 16] have shown that gas phase etching of SiO 2 with HF exhibits a delay between reactant arrival to the sample and reaction initiation. This period, defined as induction or incubation time, ranges from a few seconds to a few minutes. In previous studies, the induction time was shown to be a function of HF concentration. The data in this study shows that the induction time is also a function of water concentration, pressure and temperature and strongly suggests that this functionality is due to the effect of these parameters on cluster concentration. The better predictability of induction time by the relative cluster concentration when compared with HF or water concentration alone suggests the role of these transient species in the initiation process. HF/H 2 O clusters must have higher adsorption on SiO 2 due to the increased molecular weight of the combined species, which in turn increases the energy transferred to the surface and therefore enhances adsorption. Another cause of the increased adsorption rate could be due to the affinity of water for SiO 2 . In light of these results, the induction time can be defined as the time required for a sufficient number of HF/H 2 O clusters to adsorb on the SiO 2 surface and produce the first SiF 4 molecules. Figure 4 shows the etching rate at 34°C as a function of HF and water flow rates. Keeping the total flow rate fixed with makeup nitrogen, an etching rate of 100 Ǻ/sec was obtained at 85 sccm of HF and 65 sccm of water, whereas the etching rate dropped to 1 Ǻ/sec at 20 sccm of HF and 35 sccm of water. All of the etching experiments started as gas/solid reactions, since no liquid layer was detected on the surface by FTIR before etching started, even if the surface was exposed to water vapor for long periods. It is important to note that the infrared signatures of liquid and gas phase water are distinguishable in the ranges where the data was collected. This indicates that for subatmospheric pressures at 34°C, a liquid water layer is not a prerequisite for etching, but rather a consequence of the reaction. Water did not buildup on the surface at low etching rates, whereas several layers of water, producing a liquid film accompanied high etching rates. The stability of this liquid film depended on the rate of evaporation, which was a function of the gas phase concentration of the reactants, pressure, and temperature. Besides kinetics, the water layer influences the etching rate through the dilution thermodynamics of HF in the liquid-like layer and the transport of species across the gas/liquid/solid system. The influence of transport can be seen in the plateau that develops at high etching rates. This plateau is due in part to the additional resistance offered by the increased production of water at higher etching rates, developing into a proportionally thicker layer that opposes the diffusion of reactive species to the surface of the sample. This influence is not observed at low etching rates due to the minimal or no development of a water layer. However, the data shows that in this region the etching rates are almost two orders of magnitude lower than those achieved with a detectable water layer. This is due to the active species attacking SiO 2 in both the gas/solid regime and the gas/liquid/solid regime. In the gas/solid regime the reaction takes place through gas phase species, including gas phase HF, water, and the HF/H 2 O cluster. In the gas/solid/liquid regime, the etching species are similar to those found in liquid phase etching, albeit different due to the higher concentrations of HF that can be achieved in this gas/liquid/solid environment.
Bulk Etching
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Ultra Clean Processing of Semiconductor Surfaces VIII Surface Termination Figure 5 shows a survey scan of the silicon surface after a typical HF/H 2 O experiment and is representative of the data obtained in this study. The inset, taken from the Si region at 50 eV pass energy, shows only a metal peak and the complete removal of Si suboxides. The survey spectrum shows that the peak at 686 eV is F in the form SiF x (x=1,2,3) and the peak at 532.4 eV is O in the form of silanol (SiOH) groups. The existence of SiOH is corroborated by FTIR data. The maximum amount of residual O as SiOH (1.15 ML) is found in experiments run at 50 sccm of HF and 35 sccm of water. The minimum amount of oxygen at these conditions is found at 80 sccm of HF and 50 sccm of water and at 20 sccm of HF and 50 sccm of water (0.65 ML). Gas phase SiO 2 etching produces higher F surface coverages than liquid phase processes, which is a direct consequence of the chemistry of the water layer on the surface of the sample during etching. Although F termination is not desirable if the subsequent step is deposition, we have shown that F can be replaced with other terminating groups that facilitate deposition. Etching is initiated by adsorption of a molecular cluster containing HF and H 2 O. Water produced by the etching reaction created a liquid film on the surface, which supported high etching rates. A gas/solid reaction without a liquid water layer may be advantageous for etching metal oxide films on high mobility semiconductor surfaces with narrow band gaps, which are prone to oxidation in the presence of water. 
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